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A B S T R A C T

The Bragg angle stability of the DCM (double crystal monochromator) in synchrotron radiation facilities is
critical for beam position, flux and resolution of hard X-ray beam lines. Generally, the vibration caused by
LN2 cooling system is the most critical factor affecting the stability of DCM. In this paper, aiming at the
stability of DCM, we propose the stability control method of double crystal monochromator base on hybrid
control algorithm. The numerical results show that the stability of the DCM in the pitch direction can be greatly
improved by this active vibration control method under LN2 mode. The angular displacement RMS value in the
pitch direction decreased from about 358.52 nrad to about 0.071nrad, which decreased by 99.98%. Proposed
method is of great significance to the research of ultra-high stability DCM in synchrotron radiation facilities
all over the world.
1. Introduction

Synchrotron radiation light source has become an advanced and
irreplaceable tool for basic and applied research in the fields of ma-
terials science, life science, physics, chemistry, medicine and so on.
Shanghai Synchrotron Radiation Facility (SSRF) is the third-generation
synchrotron radiation light source in Chinese Mainland, which pro-
vides an advanced experimental platform for multidisciplinary frontier
research and high-tech development and application.

Crystal monochromator is one of the most critical optical devices
in the beam line of synchrotron, which directly affects the quality of
beam energy and position. In recent years, in the field of synchrotron
radiation, the stability of DCM will become the main technical bot-
tleneck of the overall performance of many X-ray beams. With the
continuous improvement of user requirements and considering the
specific conditions of the optical system, the stability requirement of
the actual DCM in the pitch direction is 30 ∼50 nrad [1]. Generally,
the angular stability of the 2nd crystal of the DCM in pitch direction
has the greatest impact on the quality of the beam flux, position and
resolution [2]. The vibration of DCM is mainly caused by the interfer-
ence of the LN2 circulating cooling system [3]. At present, in the field
f synchrotron radiation, the stability of DCM is mainly guaranteed
y passive vibration control, which optimizes the structure of cooling
ystem or the mechanical structure of monochromator. The Japanese
pring-8 light source has designed a low vibration flexible tube, which
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stabilizes the coolant flow by covering the ripple of the flexible tube
with alumina fiber fabric. At the same time, the cooling pipeline
of the 2nd crystal is upgraded, which can theoretically improve the
stability of the crystal to 50nrad [4]. ESRF proposes a new generation
of mirror system that can be used to suppress vibration and ensure
ultra-high thermal stability [5,6]. P2 protein crystallography beam line
of SSRF optimizes the 2nd crystal attitude fine-tuning mechanism of
DCM and the LN2 cooling system. The stability in the pitch direction
meets the 300nrad/2 h stability requirements in the user experiment of
macromolecular crystallography beam line (P2-BL10U2) [7,8]. The 2nd
crystal attitude fine-tuning mechanism of P2 protein crystallography
beam line of SSRF is shown in Fig. 1.and the optimized four-axis flexure
hinge is shown in Fig. 2.

In this paper, aiming at the micro-vibration problem of DCM of
P2 experimental station of SSRF, the flexure hinge of the 2nd crystal
fine-tuning mechanism is taken as the research object. The AVC (active
vibration control) system is designed based on Feedback FxNLMS-Fuzzy
PD algorithm. The results show that the active vibration control method
based on Feedback FxNLMS-Fuzzy PD algorithm can greatly suppress
the amplitude in the pitch direction of DCM. In particular, the angular
displacement in the pitch direction can reach 0.071nrad. Therefore, this
active vibration control method based on Feedback FxNLMS-Fuzzy PD
algorithm provides an innovative technical scheme for upgrading the
DCM of P2 experimental station of SSRF. It is of great significance for
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Fig. 1. Mechanism for the fine-tune along pitch direction of 2nd crystal.
Fig. 2. Four-axis flexure hinge structure.
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the development of ultra-high stable DCM in X-ray beam line stations
of synchrotron radiation facilities all over the world.

2. Experimental setup

2.1. Dynamic analysis of four-axis flexure hinge

Select the generalized coordinate 𝐪𝐣 (𝐣 = 𝟏, 𝟐,⋯ ,𝐧), the motion equa-
tion of four-axis flexure hinge can be described by the second type of
Lagrange equation as follows:

𝐝
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(
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)
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(2)

here 𝐓 is the kinetic energy of the four-axis hinge system, �̇�𝒋 (𝐣 = 𝟏, 𝟐,
⋯ ,𝐧) is the generalized velocity, 𝐐𝐣 (𝐣 = 𝟏, 𝟐,⋯ ,𝐧) is the generalized
force in generalized coordinates, 𝐔 is the potential energy of four-axis
flexure hinge system.
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here [𝐪] and
[

𝐪
]𝐓 are the generalized coordinate matrix and its

ranspose matrix respectively, [𝐊] is the generalized stiffness matrix.
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Where [�̇�] and
[

�̇�
]𝐓 is the generalized velocity matrix and its transpo-

sition matrix, [𝐦] is the generalized mass matrix. For damped forced
vibration, Rayleigh dissipation function 𝐃:

𝐃 = 𝟏
𝟐
[

�̇�
]𝐓 [𝐂] [�̇�] (5)

Where [𝐂] is the damping matrix.
Then the matrix form of the differential equation of system dynam-

ics is:

[𝐦] [�̈�] + [𝐂]
[

�̇�
]

+ [𝐊]
[

𝐪
]

= [�̃�] (6)

here [�̃�] is a non-force matrix except damping.
Based on the above theory, through Adams-MATLAB joint analysis

nd calculation, the frequency response function curve of the flexure
inge is shown in Fig. 3. In the full frequency range, the natural fre-
uency of the four-axis flexure hinge is 452 Hz. The modal participation
actors in different directions of the four-axis flexure hinge are shown
n Fig. 4. It can be seen that under the same excitation conditions, the
ode in the pitch direction contributes the most to the response.
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Fig. 3. Frequency response curve of four axis flexure hinge.
Fig. 4. Modal participation factor in X/Y/Z direction.
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2.2. Design of AVC system

The Feedback FxNLMS (filter-X normalized least mean square) al-
gorithm does not need external interference related reference signals,
which is driven by residual error signals. Feedback FxNLMS algorithm
has the characteristics of good effect, strong adaptability and easy engi-
neering implementation. It is widely used in the field of active vibration
control. The control system based on Feedback FxNLMS algorithm uses
residual error signal to drive the control system, which convergence
accuracy will be disturbed by the residual error signal. Generally, the
influence of the residual error signal on the convergence accuracy of the
system can be reduced by changing the iteration step-size. However,
changing the iteration step size will affect the convergence speed of
the control system [9,10]. When the nonlinearity of the system and
the system parameters fluctuate greatly with external interference, the
composite controller based on Fuzzy PD algorithm can enhance the
adaptability to environmental changes by changing the parameters
of PD controller online. Thus, it can not only ensure the dynamic
response effect, but also improve the steady-state control accuracy, so
that the comprehensive control effect of the system is excellent. The
basic structure of the control system based on the Feedback FxNLMS-
Fuzzy PD algorithm is shown in Fig. 5, the schematic diagram of the
adaptive Fuzzy-PD controller is shown in Fig. 6.

The calculation formula of the control system based on Feedback
FxNLMS-Fuzzy PD algorithm is as follows:

𝐱 (𝐧) = 𝐞 (𝐧) + 𝐒′ (𝐧) ∗ 𝐲(𝐧) (7)
𝐞 (𝐧) = 𝐝 (𝐧) + 𝐲𝐬(𝐧) (8)

3
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𝐊𝐃 = 𝐊𝐃𝟎 + 𝛥𝐊𝐃 (12)

𝐲 (𝐧) = 𝐔𝟏 (𝐧) + 𝐔𝟐 (𝐧) (13)

𝐰 (𝐧 + 𝟏) = 𝐰(𝐧) + �̃�
𝜹 + ‖𝐱 (𝐧)‖𝟐

𝐱(𝐧)𝐞(𝐧) (14)

here 𝐞 (𝐧) is the residual error signal, 𝐒′ (𝐧) is the estimation of
he secondary channel, 𝐲(𝐧) is the output of Feedback FxNLMS-Fuzzy
D control system, 𝐝 (𝐧) is the original vibration signal, 𝐲𝐬(𝐧) is the
nti-vibration signal, 𝐔𝟏 (𝐧) is the Feedback FxNLMS control system
utput, 𝐔𝟐 (𝐧) is the output of Fuzzy-PD controller, 𝐊𝐏, 𝐊𝐃 is the set
roportional and differential coefficients under fuzzy rules, 𝐊𝐏𝟎 is the
nitial proportion parameter, 𝐊𝐃𝟎 is the initial differential parameter, N
s the filter coefficient of PD controller, 𝐓𝐬 is discrete time, 𝐰(𝐧) is the
terative weight of Feedback FxNLMS controller, �̃� iteration step-size,
is a constant.

The variation range of error 𝐞 and error variation 𝐞𝐜 is defined as
the universe on the fuzzy set:

𝐞, 𝐞𝐜 = {−𝟑𝟎𝟎,−𝟐𝟎𝟎,−𝟏𝟎𝟎, 𝟎, 𝟏𝟎𝟎, 𝟐𝟎𝟎, 𝟑𝟎𝟎} (15)

The fuzzy subsets are:

𝐞, 𝐞𝐜 = 𝐍𝐁,𝐍𝐌,𝐍𝐒,𝐙𝐎,𝐏𝐒,𝐏𝐌,𝐏𝐁 (16)
{ }
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Fig. 5. Basic structure of control system based on Feedback FxNLMS-Fuzzy PD algorithm.
Fig. 6. Schematic diagram of adaptive Fuzzy-PD controller.

Table 1
The work frequency of DCM in P2 experimental station of SSRF at Bragg@12.66kev.

Operating Mode Frequency (Hz)

Before LN2 38.15 51.67 84.60 90.03 108.20
After LN2 38.38 51.60 64.30 – –

3. Results and discussions

The work frequency of DCM in P2 experimental station of SSRF at
Bragg@12.66 kev is shown in Table 1 [11]. The time-domain curve of
vibration source is shown in Fig. 7 and the frequency-domain curve of
vibration source is shown in Fig. 8.

3.1. Time-domain analysis

The time-domain results of the four-axis flexure hinge in pitch
direction linear displacement signal at Bragg@12.66 kev are shown in
Fig. 9. The RMS value of flexure hinge angular displacement in pitch
direction is shown in Table 2. The active vibration control method
makes the angular displacement of flexure hinge in pitch direction
decrease obviously. In particular, the vibration reduction effect of
feedback FxNLMS-Fuzzy PD is better than feedback FxNLMS algorithm
and feedback FxNLMS-PD algorithm. The angular displacement of the
flexure hinge in pitch direction can be reduced by 99.41% at most
without LN2 cooling. On the other hand, the angular displacement of
he flexure hinge in pitch direction can be reduced by 99.98% at most
ith LN2 cooling.

.2. Frequency-domain analysis

The frequency-domain results of the four-axis flexure hinge in pitch
irection displacement signal at Bragg@12.66 kev are shown in Fig. 10.
n particular, PSD values at work frequency and natural frequency
efore and after LN2 cooling are shown in Tables 3 and 4 respectively.
bviously, in the frequency range of 0 ∼500 Hz, with the active vibra-

ion control method, the PSD value of displacement in pitch direction
4

Table 2
RMS value of angular displacement of four-axis flexure hinge in pitch direction at
Bragg@12.66kev.

Method Uncontrolled Feedback
FxNLMS

Feedback
FxNLMS-PD

Feedback
FxNLMS-Fuzzy
PD

Before LN2 75.14 nrad 7.32 nrad 1.29 nrad 0.044 nrad
After LN2 358.52 nrad 64.49 nrad 0.76 nrad 0.071 nrad

Table 3
PSD values of four-axis flexure hinge in pitch direction without LN2 cooling at
Bragg@12.66kev.

Frequency
(Hz)

Uncontrolled
(dBm/Hz)

Feedback
FxNLMS
(dBm/Hz)

Feedback
FxNLMS-PD
(dBm/Hz)

FxNLMS-Fuzzy PD
(dBm/Hz)

38.15 −110.556 −165.071 −165.264 −183.856
51.67 −110.583 −160.010 −160.110 −181.328
84.60 −121.858 −167.043 −171.262 −190.458
90.03 −119.071 −161.474 −166.905 −186.276
108.20 −109.461 −146.614 −154.357 −173.986
452.00 −99.477 −118.681 −133.770 −161.253

Table 4
PSD values of four-axis flexure hinge in pitch direction with LN2 cooling at
Bragg@12.66kev.

Frequency
(Hz)

Uncontrolled
(dBm/Hz)

Feedback
FxNLMS
(dBm/Hz)

Feedback
FxNLMS-PD
(dBm/Hz)

FxNLMS-Fuzzy PD
(dBm/Hz)

38.38 −95.456 −149.317 −150.632 −182.212
51.60 −97.951 −149.614 −151.626 −183.446
64.30 −98.409 −143.133 −148.294 −180.550
452.00 −85.493 −99.874 −153.248 −155.307

generally shows an obvious downward trend and the displacement
signal energy is greatly weakened. In particular, the Feedback FxNLMS-
fuzzy PD control method is the most effective. With the Feedback
FxNLMS-Fuzzy PD control method, the PSD value at the natural fre-
quency of 452 Hz decreases by 61.776 dBm/Hz without LN2 cooling,
which is about 62.10%. On the other hand, with the Feedback FxNLMS-
Fuzzy PD control method, the PSD value at the natural frequency of
452 Hz decreases by 69.814 dBm/Hz with LN2 cooling, which is about
81.66%.

3.3. Short-time Fourier analysis

The Fourier transform only reflects the characteristics of the signal
in frequency-domain and cannot analyze the signal in time-domain.
Short-time Fourier transform is used for spectrum analysis of slow time-
varying signals, which represents the signal characteristics at a certain
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Fig. 7. Time-domain curve of vibration source. (a) before LN2 cooling (b) after LN2 cooling.

Fig. 8. Frequency-domain curve of vibration source. (a) before LN2 cooling (b) after LN2 cooling.

Fig. 9. The time-domain results of the four-axis flexure hinge in pitch direction linear displacement signal at Bragg@12.66kev. (a) before LN2 cooling (b) after LN2 cooling.

Fig. 10. The Frequency-domain results of the four-axis flexure hinge in pitch direction linear displacement signal at Bragg@12.66kev. (a) before LN2 cooling (b) after LN2 cooling.
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Fig. 11. The short-time Fourier analysis results of the four-axis flexure hinge in pitch direction displacement signal at Bragg@12.66kev without LN2 cooling.
(a) Uncontrolled (b) Feedback FxNLMS (c) Feedback FxNLMS-PD (d) Feedback FxNLMS-Fuzzy PD.
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time through a signal in the time window. The time-varying spectrum
signal can be observed by short-time Fourier transform. Short-time
Fourier transform can not only make up for the shortcoming of observ-
ing time in spectrum analysis, but also make up for the shortcoming
of obtaining frequency in time-domain analysis. The short-time Fourier
transform of signal 𝐱(𝐭) at time 𝐭 is:

𝐓𝐅𝐓 (𝐭, 𝐟 ) = ∫

∞

−∞
𝐱 (𝝉)𝐡(𝝉 − 𝐭)𝐞−𝐣𝟐𝝅𝐟𝝉𝐝𝝉 (17)

here 𝐡 (𝝉 − 𝐭) is the analysis window function.
Based on the above basic principles, the short-time Fourier analysis

esults of the four-axis flexure hinge in pitch direction displacement
ignal at Bragg@12.66 kev without LN2 cooling are shown in Fig. 11,
he short-time Fourier analysis results of the four-axis flexure hinge
n pitch direction displacement signal at Bragg@12.66 kev with LN2
ooling are shown in Fig. 12. On the whole, it can be intuitively
nalyzed that the amplitude of displacement signal corresponding to
ncontrolled, Feedback FxNLMS control method, Feedback FxNLMS-
D control method and Feedback FxNLMS-Fuzzy PD control method
ecreases in turn. Before and after LN2 cooling, the color gradually
ecomes lighter at the working frequency and the signal amplitude
s greatly attenuated. In particular, before and after LN2 cooling, the
esonant peak at the frequency of 452 Hz has a significant attenuation
ffect. Among them, the Feedback FxNLMS-Fuzzy PD control method
as the best effect.
 a

6

. Conclusions

Aiming at the micro-vibration problem of the crystal attitude fine-
uning mechanism of the DCM, this paper takes the flexure hinge of
he 2nd crystal attitude fine-tuning mechanism of the P2 beamline at
SRF as the research object and proposes a new active vibration control
ethod based on the Feedback FxNLMS-Fuzzy PD algorithm. With the

ctive vibration control method based on Feedback FxNLMS-Fuzzy PD
lgorithm, the RMS value angular displacement of four-axis flexure
inge in pitch direction can be reduced to 0.071nrad. In particular, PSD
alues at work frequency and natural frequency before and after LN2
ooling decreases significantly. Similarly, through short-time Fourier
nalysis, the active control method based on Feedback FxNLMS-Fuzzy
D algorithm shows ideal vibration reduction effect. It can be seen that
he active control method is effective and can ensure the stability index
f the DCM under LN2 cooling condition.

It is worth noting that the active control method can theoreti-
ally control the angular displacement RMS value of flexure hinge in
itch direction below about 0.1nrad. In particular, this paper simu-
ates and analyzes the key components of the second crystal mecha-
ism and proposes a novel hybrid control algorithm, while the actual
onochromator stability index needs further experimental verification

nd engineering exploration in future.
This stability control method based on Feedback FxNLMS-Fuzzy PD
lgorithm not only provides a new technical scheme for upgrading
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Fig. 12. The short-time Fourier analysis results of the four-axis flexure hinge in pitch direction displacement signal at Bragg@12.66kev with LN2 cooling.
(a) Uncontrolled (b) Feedback FxNLMS (c) Feedback FxNLMS-PD (d) Feedback FxNLMS-Fuzzy PD.
the DCM of P2 experimental station of SSRF, but also has extremely
important reference value for synchrotron radiation facilities all over
the world to study the ultra-high stability DCM.
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